Purpose. Using scientific publications the paper analyzes the mathematical models developed in Ukraine, CIS countries and abroad for theoretical studies of train dynamics and also shows the urgency of their further improvement. Methodology. Information base of the research was official full-text and abstract databases, scientific works of domestic and foreign scientists, professional periodicals, materials of scientific and practical conferences, methodological materials of ministries and departments. Analysis of publications on existing mathematical models used to solve a wide range of problems associated with the train dynamics study shows the expediency of their application. Findings. The results of these studies were used in: 1) design of new types of draft gears and air distributors; 2) development of methods for controlling the movement of conventional and connected trains; 3) creation of appropriate process flow diagrams; 4) development of energy-saving methods of train driving; 5) revision of the Construction Codes and Regulations (SNiP ΙΙ-39.76); 6) when selecting the parameters of the autonomous automatic control system, created in DNURT, for an auxiliary locomotive that is part of a connected train; 7) when creating computer simulators for the training of locomotive drivers; 8) assessment of the vehicle dynamic indices characterizing traffic safety. Scientists around the world conduct numerical experiments related to estimation of train dynamics using mathematical models that need to be constantly improved. Originality. The authors presented the main theoretical postulates that allowed them to develop the existing mathematical models for solving problems related to the train dynamics. The analysis of scientific articles published in Ukraine, CIS countries and abroad allows us to determine the most relevant areas of application of mathematical models. Practical value. The practical value of the results obtained lies in the scientific validity and applied orientation of theoretical studies using mathematical models, the improvement of which will expand the range of problems to be solved, and increase the level of reliability of the results obtained.
Introduction
With increasing speeds of movement, masses and lengths of trains, especially freight ones, increasing capacity of locomotives, it is required to control the longitudinal forces that arise during stationary and transitional train movements that affect the traffic safety. It should be borne in mind that from the standpoint of traffic safety, longitudinal forces of quasistatic character or forces of shock nature containing such quasistatic components can be dangerous. Such forces can, under certain conditions, cause outsqueezing (or pulling out) of wagons from the train.
Earlier, the experimental method of studying transient modes of train movement was the main method used to obtain practically important results.
The current level of theoretical methods for studying the transient modes of train movement, based on the use of modern PCs and IT, allows solving many technical problems in the field of train dynamics. In addition, computer modelling (numerical experiment) has significant advantages over field experiment.
First, there is no need to conduct an experiment on real physical objects, so the costs for various computer experiments are much less than for actual experiments. The scale of the experiments can be chosen at own discretion, and there is the possibility of conducting multiple experiments with gradual changes in the task input data.
Secondly, in the process of constructing mathematical models for carrying out a computational experiment and during its investigation, it is possible to analyse and understand the characteristics of the object under study.
Purpose
Any scientific research should be based on knowledge of the scientific heritage of predecessors, and therefore one of the key stages of any scientific research is the analysis of the results of scientific research of predecessors. The need for such an analysis is due to the impossibility of allowing repetitions of the scientific result and the need for further development of science with the purpose of search for truth [30, 33] .
The purpose of the publication is to analyse the results of scientific research conducted in Ukraine, CIS countries and abroad on the development of mathematical models for solving problems of train dynamics, and also to show the urgency of their further improvement.
Methodology. Analysis of publication
To solve these problems, Nikolai Egorovich Zhukovsky in 1919 proposed two train calculation models.
In this case, the train was viewed as an elastic rod with a load at the end. The rod mass and length was equal to the train mass and length, while the load mass -to the mass of the locomotive [9] . Then the motion of the train was described by the wave equation and the definition of longitudinal forces was reduced to the solution of the boundary value problem. Then the train was supposed to be considered as a system of solids connected by elastic links subordinate to Hooke's law, and the task was reduced to solving a system of differential equations for given initial conditions. The schemes described above represented conservative systems and allowed us to determine only the upper boundaries of longitudinal forces under unsteady modes. V. A. Lazaryan specified the calculation models proposed by N.E. Zhukovsky. If the coupling gaps do not affect the course of transients (when the train pre-stretched from head starts, when the head locomotive of the head precompressed train brakes, when the stretched (compressed) train enters the summit or sag), then the train can be considered as an elastic-viscous rod with a load (locomotive) at the end [1, 4, 12, 15-17, 19, 36] . In this case, the longitudinal oscillations of the train are described by second-order partial differential equations.
Using such a model, the solution of the problem can be found analytically.
Vsevolod Arutyunovich Lazaryan proposed in his doctoral thesis to take into account the energy dissipation during oscillations and to consider the train as a one-dimensional system of solids connected by elastic-viscous bonds. These calculation models were used in the works of V.A. Lazaryan, E.P. Blokhin, I.G. Barbas, T.A. Gorodetskyaya, A.I. Stukalov, A.A. Ulanov and F.V. Florinskii. Numerous special train experiments, conducted by V. A. Lazaryan in real conditions, confirmed the validity of application, in a number of cases, of the mentioned calculation models and allowed to find many characteristics of freight and passenger trains necessary for calculations (run speed, perturbations during start-up and braking, train longitudinal stiffness, coupling stiffness during loading and unloading, average statistical gaps in the inter-car couplings).
Naturally, in this case, transitional modes of motion were considered, not influenced by the gaps in the train coupling (starting of the prestretched and braking of the head pre-compressed trains, movement of the stretched train along the summit and sag). In all these cases, there is a practical coincidence of not only the curves of distribution of the maximum longitudinal forces along the train, obtained by calculation and based on the experiment results, but also the oscillograms of the longitudinal forces The linear formulation of the tasks made it possible to use analytical methods and the electric model created on the passive elements (R, L, C) in the rolling stock dynamics and strength laboratory of the DNURT.
The first studies of longitudinal forces, when the gaps influence the transient process, were carried out experimentally.
When the gaps in the inter-car couplings influence the transient process, V.A. Lazaryan proposed as a calculation model a system of solids connected by elements with elastic imperfections that take into account the gaps [3, 18, [20] [21] [22] [23] 28] . The presence of coupling gaps, in general, the nonlinearity of the power characteristics of the draft gears makes the train considered as a chain of solids connected by links with nonlinear characteristics. In this case, the mathematical model of longitudinal train oscillations is a system of essentially nonlinear differential equations, the order of which depends on the number of vehicles in a train. It is impossible to obtain a solution of this system analytically. Therefore, at the initial stage the DNURT research of the train movement transitional modes in the present formulation was carried out with the help of a special electronic train model made on the basis of three MPT-9 type analogue computers. It is known that one of the advantages of ACS (analogue computing system) is obtaining of the solutions on a real-time basis, which is very important in the case of automatic control systems.
With the advent of ECM (electronic computing machine), such studies have been carried out by numerical experiments.
In this case the problem was reduced to solving a system of ordinary differential equations using numerical integration methods. The works [2, 3, 11] are devoted to the method of mathematical modelling of train movement transitional modes using ECM.
The advent of digital computers and the use of modern computing methods have made it possible to significantly expand the range of important tasks for the industry. In this case, the oscillograms of longitudinal forces obtained as a result of solving the system of nonlinear differential equations can only be compared qualitatively with those obtained experimentally, but the distribution along the composition of the maximum values of the longitudinal forces found by calculation and experimentally agree fairly well. Naturally, such an agreement can only be obtained when calculation uses the significant driving characteristics of the train and the track layout, as well as data on the distribution of the gaps in the coupling before the beginning of the transient processes.
To obtain such characteristics, special experiments were carried out, with the trains homogeneous in wagon mass and draft gear type, within the station tracks in order to determine the numerical values of the parameters required for solving differential equations of train movement.
One of these parameters is the gap limit in inter-car couplings.
For the freight trains formed from the newlymanufactured freight wagons this gap is 45 mm. For the trains formed from freight wagons in service this gap is equal to 65 mm. For the passenger trains, the coupling gap is 45 mm. These values of the gaps were used in solving differential equations of train movement [3, 29, 48] .
Rolling stock on the 1524 and 1520 mm gauge railways is equipped with elastic-corrugating draft gears, which are not stable in operation, therefore, often the inter-car have different characteristics. However, the experimental studies of train movement transitional modes revealed the general, integral properties for the whole system.
Integral values are necessary for analytical studies and modelling of transitional modes of train movement. They can be determined by the nature of the propagation of disturbances in the train, i.e. by the speed of propagation of the perturbations along the train, by the dispersion of the perturbation waves of various levels, by the damping of the oscillations, etc. [2, 3, 48] .
The use of digital computers allowed studying the transitional modes of the movement of freight and passenger trains during their starting, braking and moving along the broken profile track. Herewith the study included the homogeneous and heterogeneous trains, as well as trains containing wagons with moving loads, equipped with draft gears of automatic couplers and air distributors of various types. The digital computers allowed solv-ing the greatest number of tasks related to the longitudinal dynamics of the train and solved at different times [7, 29, 34, 45, 48, [56] [57] [58] [59] .
The results of these studies were used when designing new types of draft gears and air distributors [3, 5, 6, 10, 27, 31, 32] , when developing the methods for controlling the movement of conventional and connected trains [2, 38, 40] , when creating the appropriate process flow diagrams and developing the energy-saving methods of train driving [58, 62] , when revising the Construction Codes and Regulations (SNiP ΙΙ-39.76) [3, 29, 48] , when selecting the parameters of the autonomous automatic control system, created in DNURT, for an auxiliary locomotive that is part of a connected train [29] , when creating computer simulators for the training of locomotive drivers [24, 26, 37, 50-52, 54, 64] .
In these days, freight trains weighing several tens of thousands of tons with locomotives distributed along the train have long been in use in a number of countries in America, Asia, Africa, and Canada.
In order to increase the carrying capacity of railways, to reduce operating costs, the weight norms of freight trains in a number of countries are being revised. For example, the weight norm of 4,000 tons was replaced in Russia by 6,000 tons on the most common 1524 and 1520 mm gauge. The double freight trains of 12,000 tons with locomotives distributed along the train were put into regular operation on the most heavily loaded tracks of Russian railways [13, 25, 39, 44, 46] .
Herewith, in order to ensure the permissible level of longitudinal forces in the most dangerous mode of driving -braking -it is necessary to drive the locomotives in a coordinated manner.
In trains of increased mass and especially length during braking, there are longitudinal loads, which can be dangerous from the point of traffic safety.
Numerous special experiments, conducted in different years at the Pridneprovskaya Railway, DNURT, the Central Research Institute of the Ministry of Railways, and in a number of cases with the participation of MSURE, with trains weighing 6, 8 and 10 thousand tons have shown that in case of emergency and service braking even in homogeneous trains weighing up to 10 thousand tons the cars can experience, with a low probability (of order of thousandths), the forces, which exceed the permissible strength.
During regulation braking, the maximum values of compressive forces observed in the experiments with a statistical probability of 0.009 exceed by 20-60% the values of the longitudinal loads (±1 MN) allowed for the III calculation mode. For the tensile forces that arise during «recoil», the excess reached 20%, but with greater probability by several times.
A lot of works [3, 11, 28, 35, 38, 43, 44, 47-49, 53, 60, 61, 63] are devoted to the study of longitudinal dynamics in the braking of long trains using mathematical models.
When operating the long trains, special attention is paid to the assessment of the dynamic performance of vehicles, among which the most important is the indicator characterizing the vehicle movement safety -the derailment stability factor.
For this purpose, there are used mathematical models of spatial oscillations of the car (or group of cars), moving in the train [8, 14, 26, [41] [42] 55] . In this case, the vehicle model is divided into separate objects and the connections between them. The objects, for example, can be the all inertial features or some of them, which can be combined into one object; while the others can act as separate objects.
Findings
Information base of the research was official full-text and abstract databases, scientific works of domestic and foreign scientists, professional periodicals, materials of scientific and practical conferences, methodological materials of ministries and departments.
The analysis of publications on the development of mathematical models for solving the train dynamics problems shows the multiplicity of the investigated aspects. Scientists around the world conduct numerical experiments related to the evaluation of the train dynamics using mathematical models, which must be constantly improved.
The research results have found their scientific use in a number of publications of authors in special and scientific publications, speeches at scientific conferences.
Originality and practical value
The originality of the study is the presentation of the main theoretical provisions and methodological recommendations for the improvement of mathematical models for solving the train dynamics problems. The carried out analysis of scientific publications makes it possible to determine the most relevant studies in the field of train safety that are impossible without mathematical modelling.
The practical value of the results obtained lies in the scientific validity and applied orientation of theoretical studies using mathematical models, the improvement of which will expand the range of problems to be solved, and increase the level of reliability of the results obtained.
Conclusions
The analysis of scientific publications on mathematical modelling of train dynamics allowed drawing the following conclusions:
1. Despite the variety and the large number of issues considered and solved in the field of transitional modes for the movement of tank trains, the problem of the train dynamics, in particular that of train longitudinal oscillations, remains relevant, especially at the most dangerous driving modebraking.
2. Recently, especially in Europe, much attention has been paid to modelling the movement of trains of increased mass and length.
3. Mathematical models should be used to solve problems concerning the influence of perspective rolling stock on the train dynamics.
4. The existing mathematical train models require improvement, taking into account the tasks that arise during the operation of the rolling stock. ВДОСКОНАЛЕННЯ МАТЕМАТИЧНИХ МОДЕЛЕЙ ДЛЯ ОЦІНКИ ДИНАМІКИ ПОЇЗДА Мета. Використовуючи наукові публікації, у роботі необхідно провести аналіз математичних моделей, розроблених в Україні, країнах СНД та за кордоном, які використовуються для теоретичних досліджень ди-наміки поїзда, а також показати актуальність подальшого їх удосконалення. Методика. Інформаційною ба-зою дослідження були офіційні повнотекстові та реферативні бази даних, наукові праці вітчизняних і зару-біжних вчених, професійні періодичні видання, матеріали науково-практичних конференцій, методичні ма-теріали міністерств та відомств. Аналіз публікацій про існуючі математичні моделі, які використовуються для вирішення широкого кола завдань, пов'язаних із дослідженням динаміки поїзда, показує доцільність їх застосування. Результати. Отримані результати досліджень були використані: 1) при проектуванні нових типів поглинаючих апаратів та розподільників повітря; 2) при розробці способів управління рухом звичай-них і з'єднаних поїздів; 3) при створенні відповідних режимних карт; 4) при розробці енергозберігаючих способів ведення поїздів; 5) при перегляді Строительных норм и правил (СНиП ΙΙ-39.76); 6) при виборі па-раметрів для створеної у ДІІТі автономної системи автоматичного керування допоміжним локомотивом, що знаходиться в складі об'єднаного поїзда; 7) при створенні на базі комп'ютерних технологій тренажерів для навчання машиністів; 8) при оцінюванні динамічних показників екіпажів, що характеризують безпеку руху. Вчені всього світу проводять чисельні експерименти, пов'язані з оцінкою динаміки поїзда, за допомогою математичних моделей, які необхідно постійно вдосконалювати. Наукова новизна. Авторами викладені основні теоретичні положення, на підставі яких розроблені існуючі математичні моделі для вирішення задач динаміки поїзда. Проведений аналіз наукових статей, опублікованих в Україні, країнах СНД та за кордоном, дозволяє визначити найбільш актуальні сфери застосування математичних моделей. Практична значимість. Практичне значення отриманих результатів полягає у науковій обґрунтованості та прикладній спрямованості теоретичних досліджень із використанням математичних моделей, удосконалення яких дозволить розширити коло вирішуваних завдань, підвищити рівень достовірності отриманих результатів.
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СОВЕРШЕНСТВОВАНИЕ МАТЕМАТИЧЕСКИХ МОДЕЛЕЙ ДЛЯ ОЦЕНКИ ДИНАМИКИ ПОЕЗДА
Цель. Используя научные публикации, в работе необходимо провести анализ математических моделей, разработанных в Украине, странах СНГ и за рубежом для теоретических исследований динамики поезда, а также показать актуальность дальнейшего их совершенствования. Методика. Информационной базой ис-следования являлись официальные полнотекстовые и реферативные базы данных, научные труды отече-ственных и зарубежных ученых, профессиональные периодические издания, материалы научно-практических конференций, методические материалы министерств и ведомств. Анализ публикаций о суще-ствующих математических моделях, используемых для решения широкого круга задач, связанных с иссле-дованием динамики поезда, показывает целесообразность их применения. Результаты. Полученные резуль-таты исследований были использованы: 1) при проектировании новых типов поглощающих аппаратов и воздухораспределителей; 2) при разработке способов управления движением обычных и соединенных по-ездов; 3) при создании соответствующих режимных карт; 4) при разработке энергосберегающих способов ведения поездов; 5) при пересмотре Строительных норм и правил (СНиП ΙΙ-39.76); 6) при выборе парамет-ров для созданной в ДИИТе автономной системы автоматического управления вспомогательным локомоти-вом, находящимся в составе соединенного поезда; 7) при создании на базе компьютерных технологий тре-нажеров для обучения машинистов; 8) при оценке динамических показателей экипажей, характеризующих безопасность движения. Ученые всего мира проводят численные эксперименты, связанные с оценкой дина-мики поезда, с помощью математических моделей, которые необходимо постоянно совершенствовать. Научная новизна. Авторами изложены основные теоретические положения, на основании которых разра-
